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Nusselt numberAbstract In the present study, the mixed convection heat transfer for a nanofluid flow inside solar
cell cooling system was numerically investigated. To this end, an inclined two-dimensional channel
with insulated walls was taken under study. The solar cells were assumed to locate on one side of
channel where the nanofluid enters at constant temperature. The study has been carried out for the
Richardson numbers in the range 0.01 6 Ri 6 20, with solid volume fraction 0 6 u 6 0.04, Rey-
nolds number 100 and for Prandtl number 7.02. The effects of solid volume fraction and solar cells
location in terms of Richardson number on the flow and temperature fields and also the heat trans-
fer rate were studied. The results showed that the presence of nanoparticles led to an increase in
temperature gradient and heat transfer near the solar cells. It was also observed that the maximum
heat transfer in solar cells occurs in minimum inclination angle of channel at a certain relative dis-
tance between the cells.
 2016 Production and hosting by Elsevier B.V. on behalf of Faculty of Engineering, Alexandria
University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
In recent years, many works including experimental, numeri-
cal, and analytical studies concerning the mixed convection
heat transfer have been carried out due to the various applica-
tions of this phenomenon in different engineering systems (i.e.
cooling systems).
In analytical method, the heat transfer mechanism is sup-
ported by mathematical equations to investigate the impacts
of effective parameters on heat transfer process [1,2].Kurtbas and Celik [3] have experimentally investigated the
heat transfer characteristics of the mixed convection flow
through a horizontal rectangular channel in the presence of
open-cell metal foams of different pore densities. They could
measure the temperature profile on the entire surfaces of the
walls and presented average and local Nusselt numbers as
function of Reynolds and Richardson numbers. Finally, a
new correlation was established between the Nusselt number
and the parameters under study (i.e. aspect ratio of the channel
and Reynolds number).
Chong et al. [4] have studied the mixed convection heat
transfer of thermal entrance region in an inclined rectangular
duct for laminar and transition air flow. The experiments were
designed to determine the effects of inclination angles on the
heat transfer coefficients and friction factors. A detailed dis-ttp://dx.
Nomenclature
c experimental constant, Eq. (9)
CP specific heat (J kg
1 K1)
D dimensionless distance between the solar cells
g gravitational acceleration (m/s2)
h channel height (m)
k thermal conductivity (W m1 K1)
l channel length (m)
L dimensionless channel length (L= l/h)
L1 dimensionless distance between the channel edges
from the first and last cell (L1 = l1/h)
Nu local Nusselt number
Num average Nusselt number
p fluid pressure (Pa)
P dimensionless pressure, p/qnf U0
2
Pr Prandtl number, mf/af
Re Reynolds number, qU0h/l
Ri Richardson number, Gr/Re2
TC inlet flow temperature (K)
TH temperature of solar cells (K)
us Brownian motion velocity (m s
1)
U, V dimensionless velocity components
w solar cell length (m)
x, y cartesian coordinates (m)
Greek symbols
a thermal diffusivity (m2/s)
b thermal expansion coefficient (K1)
u solid volume fraction
kb Boltzman constant (J K
1)
h dimensionless temperature of fluid
(T  TC)/(TH  TC)
k angle of channel
l dynamic viscosity (N s m2)
m kinematic viscosity (m2 s1)
q density (kg m3)
Subscripts
f pure fluid
nf nanofluid
s nanoparticle
2 M. Babajani et al.cussion on the dependence of heat coefficient on the duct incli-
nation angle and Reynolds number was given in this literature.
The experimental data on flow visualization and heat trans-
fer measurement for airflow in a horizontal channel were pub-
lished in Ref. [5]. The measurements were performed over a
wide range of conditions to determine regions of forced and
mixed convection.
On the other hand, in some numerical-based researches, the
effects of main parameters such as wall thickness-to-channel
length ratios, Reynolds number, Grashof number and other
parameters on the buoyant force and heat transfer for different
geometries were studied [6,7].
The results of such basic studies were used to optimize the
design procedure of heat exchangers, particularly in electronic
boards cooling systems. The main objective of these papers
was to identify the most efficient way to remove the dissipated
heat from electronic components with special geometries.
Butina and Bessaı¨h [8] have simulated the mixed convection
air-cooling of two identical electronic devices using finite vol-
ume method. The results showed that the Reynolds number,
the inclination angle of the channel, the size of heat sources
and the distance between them have noticeable impacts on
the heat transfer rate through the channel.
A numerical analysis of laminar mixed convection heat
transfer from two identical heat sources, which simulate elec-
tronic components, was presented by Hamouche and Bessaı¨h
[9]. The results demonstrated that the separation distance,
the height and the width of the components play a crucial role
in heat transfer augmentation and cooling efficiency.
Oztop [10] has numerically investigated the laminar mixed
convection heat transfer in a channel with volumetric heat
source with different exit opening ratios. A two-dimensional
model based on the finite volume method was developed for
solving the equations of mass, momentum and energy. The
simulations were made under different physical conditionsPlease cite this article in press as: M. Babajani et al., Numerical study on mixed conve
doi.org/10.1016/j.aej.2016.09.008(i.e. three different aspect ratios and three locations of output
channels) and the results were reported in terms of streamlines,
isotherms, Nusselt number, and temperature profiles. It was
revealed that the Richardson number and the location of exit
openings are the most important parameters involved.
Sun et al. [11] have studied the mixed convection heat trans-
fer between the isothermal vertical plates to find optimal dis-
tance in which the transferred heat flux from an array of
isothermal would be maximum. The results showed that the
optimal distance for the mixed convection is smaller than
either for pure natural convection or for pure forced convec-
tion. This distance was estimated based on pressure drop.
Guimaraes et al. [12] have studied the mixed convection in a
rectangular channel with three discrete heat sources which
were located on the bottom wall. The Effects of Reynolds
number, Grashof number and channel slope on heat transfer
have been numerically investigated and it was concluded that
the inclination angle is of more relative importance at low Rey-
nolds number. In general, the cases with inclination angle of 45
degrees and 90 degrees showed the lowest temperature average.
Low thermal conductivity of fluids such as water and air is
the main limitation in convective heat transfer. Nowadays, in
order to overcome this shortcoming, nanoparticle was added
to the working media (i.e. pure fluid) to make a high thermal
conductivity suspension.
Pishkar and Ghasemi [13] have numerically investigated
the mixed convection heat transfer of horizontal finned
channel with and without nanofluids. The results showed
that the rate of heat transfer in fins is significantly affected
by the distance between the blades. The effect of the solid
volume fraction on heat transfer performance in high Rey-
nolds numbers was found to be significant. In addition, the
influence of the solid volume fraction on the heat transfer
enhancement is more noticeable at higher values of the Rey-
nolds number.ction cooling of solar cells with nanofluid, Alexandria Eng. J. (2016), http://dx.
Figure 1 General view of the channel and solar cells.
Table 1 Thermo-physical properties of pure water and copper
nanoparticles [16].
Pure water Copper nanoparticles
(kg/m3) 997.1 8933
CP (J kg
1 K1) 4179 385
k (W m1 K1) 0.613 401
b  10+5 (K1) 21 1.67
Mixed convection cooling of solar cells with nanofluid 3Hemmat et al. [14] have analyzed Laminar mixed convec-
tion flow in the presence of water-alumina nanofluids in a hor-
izontal channel warmed by two obstacles placed on the bottom
wall. The governing equations were solved using SIMPLER
algorithm. They compared the impact of different aspects
ratios of the obstacles on average Nusselt. The difference in
average Nusselt number based on three different thermophys-
ical models was calculated to be less than 3%. Moreover, the
results showed that an increase in volume fraction from 0 to
5%, increases the average Nusselt number over the obstacles
up to 10%.
Hang and Pop [15] proposed an analytical solution for the
mixed convection flow in a vertical channel carrying nano-
fluid for the cases of buoyancy-assisted and opposed flow.
It was shown that the analytical solutions for the case of
opposing flow are valid only for a certain range of the Ray-
leigh number. The research also introduced the solid volume
fraction as a key parameter influencing the heat transfer
behavior.
Another interesting application of the mixed convection
using nanofluid is in solar cells cooling systems. In this paper,
in an extension of previous investigations, the mixed convec-
tion and the potential application of nanoparticles in cooling
solar cells are analyzed numerically. To this end, a numerical
model for two-dimensional, inclined channel with solar cells
is developed. Once the numerical method is validated, the
effects of key parameters such as the Richardson number, solid
volume fraction, channel inclination angle, and the location of
cells on the flow field, temperature field and the heat transfer
rate will be investigated.
2. Problem description
In this research, the mixed convection of nanofluid in a two-
dimensional channel with solar cell plates is numerically mod-
eled. The channel length to height is assumed to be l/h= 20
and the streamwise axis is tilted by k degree. The nano-
copper suspension at constant temperature of TC = 300 K
enters steadily into the channel with insulated walls. Four
equally distant, identical solar cells at constant temperature
of TH = 310 K were placed on the right wall, as shown in
Fig. 1. The distance between the channel edges and the first
and last cell is l1 = 4.4. The channel length is long enough
to allow the flow to reach a fully developed condition.
The main assumptions involved in this problem are lami-
nar, steady state and incompressible flow. The copper
nanoparticles are the same in shape and size and considered
as spherical particles. There is a heat balance between the
water and copper nanoparticles in the channel and there is
no energy production or storage in computational domain.
Nanofluid is treated as homogeneous material with constant
properties. Water Prandtl number is 7.02 and thermo-
physical properties of pure water and copper nanoparticles
are presented in Table 1.
3. Governing equations
Using the abovementioned assumptions, the non-dimensional
governing equations of continuity, momentum, and energy
for nanofluid are given by the following:Please cite this article in press as: M. Babajani et al., Numerical study on mixed conve
doi.org/10.1016/j.aej.2016.09.008@U
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In the above equations, the following non-dimensional
parameters are used.
X ¼ x
h
;Y ¼ y
h
;U ¼ u
U0
;V ¼ v
U0
;P ¼ p
qnfU
2
0
; h ¼ T TC
TH  TC ð5Þ
Prandtl, Grashof, Richardson and Reynolds numbers in
these equations are defined as follows:ction cooling of solar cells with nanofluid, Alexandria Eng. J. (2016), http://dx.
Table 2 Dimensionless hydrodynamic
and thermal boundary conditions.
U ¼ 0;V ¼ 0; @h@Y ¼ 0 Right and left walls
U ¼ 1;V ¼ 0; h ¼ 0 Inlet
V ¼ 0; @U@X ¼ 0; @h@X ¼ 0 Outlet
U ¼ 0;V ¼ 0; h ¼ 1 Solar cells
4 M. Babajani et al.Pr ¼ lf
qfaf
;Gr ¼ gbfðTH  TCÞh
3
m2f
;Ri ¼ Gr
Re2
;Re ¼ U0hqf
lf
ð6Þ
Nanofluid effective density is expressed as follows:
ðqÞnf ¼ ð1 uÞðqÞf þ uðqÞs ð7Þ
In this equation, u is the volume fraction of solid compo-
nent. It is assumed that lnf consist of a conventional static part
as well as a dynamic part which originates from the Brownian
motion of nanoparticles [17]:
lnf ¼ lStatic þ lBrownian ð8Þ
The static viscosity of the nanofluid based on Brinkman
formula [18] is written as follows:
lnf ¼
lf
ð1 uÞ2:5 ð9Þ
lBrownian can be calculated from the kinetic theory and
Stokes flow approximation by [17]:
lnf ¼
lf
ð1 uÞ2:5 þ 5 10
4ubqf
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
KbT
qsds
s
fðT;uÞ ð10Þ
where kb ¼ 1:3807 1023 J=K is the Boltzmann constant and
qs and ds are the density and radius of nanoparticles, respec-
tively. For the water-copper nanofluid, the two modeling func-
tions b and f are experimentally estimated by the following:
b ¼ 0:0137ð100uÞ0:8229 for u < 1% ð11Þ
b ¼ 0:0011ð100uÞ0:7272 for u > 1% ð12Þ
And
fðT;uÞ ¼ ð6:04uþ 0:4705ÞTþ ð1772:3u 134:63Þ for 1%
6 u 6 4%&300 K 6 T 6 325 K ð13Þ
Nanofluids thermal diffusivity and nanofluids thermal
capacity are represented by the following:
anf ¼ knf=ðqcPÞnf ð14Þ
ðqcPÞnf ¼ ð1 uÞðqcPÞf þ uðqcPÞs ð15Þ
where Knf is the effective thermal conductivity of nanofluid
that is determined based on the model proposed by Patel
et al. [19]. This model is applied to two-component entities
with spherical particles as follows:
knf ¼ kf 1þ ksAs
kfAf
þ cksPe As
kfAf
 
ð16Þ
where kS and kf are the thermal conductivities of copper par-
ticles and fluid respectively. c= 36,000 is an experimental con-
stant for water-copper nanofluid which has been reported by
Santra et al. [20]. In the above equation, As
Af
is calculated as
follows:
As
Af
¼ df
ds
u
ð1 uÞ ð17Þ
The average diameter of copper nanoparticles is assumed to
be ds= 100 nm, and the molecules size of water is set to
df = 2 A˚. In addition, in relation (16), Pe is as follows:
Pe ¼ usds
af
ð18ÞPlease cite this article in press as: M. Babajani et al., Numerical study on mixed conve
doi.org/10.1016/j.aej.2016.09.008in which us is the Brownian motion velocity of the nanopar-
ticles that is determined by the following relationship:
us ¼ 2kbT
plfd
2
s
ð19Þ
In this problem, the nanofluid enters uniformly at ambient
temperature (TC). The no-slip boundary condition was applied
to all solid walls. The solar cells were treated as constant tem-
perature surfaces (TH). Moreover, the outflow is modeled as
fully-developed flow. The employed boundary condition in
nondimensional form is summarized in Table 2.
The local Nusselt number was calculated using following
expression:
Nux ¼  knf
kf
@h
@Y
 
Y¼0
ð20Þ
The average Nusselt number was determined by integrating
the local Nusselt number over the wall portions where the solar
cells were placed. The characteristic length in the Num is equal
to L ¼ ðl1 þ wþ dþ wþ dþ wþ dþ wþ l1Þ
h
 
.
Num ¼ 1
L
Z L
0
NuxdX ð21Þ4. Numerical approach
Governing equations (i.e. Eqs. (1)–(4)) and associated bound-
ary conditions (see Table 2) were discretized using the finite
difference method based on control volume. The SIMPLE
algorithm was used for solving algebraic equations with
pressure-velocity terms in FORTRAN software. Also, the
Power law formulation was used to describe convective terms.
In order to accelerate convergence, the under-relaxation fac-
tors were used for the momentum equations. The convergence
criteria were taken as the point at which the maximum mass
residuals of the grid reach to 107.
Mesh quality has a great impact on numerical calculation.
In this case, a structured uniform grid was generated for the
computational domain. In order to select the most appropriate
grid size, for the cases of Re= 100, k= 30, u= 0.03,
D ¼ d
h
¼ 0:12 and three different values of Richardson number
(Ri= 0.01, 1, 10), a set of calculations with different grid sizes
were performed and the main parameter involved (average
Nusselt number) was calculated. Considering running time
for the program, for the grids that have more than 400 nodes
along the X direction and 20 nodes along the Y direction, there
are no significant changes in the average Nusselt number;
therefore, the grid size of 20  400 was selected to run the pro-
gram. A sample of the results is presented in Fig. 2 for three
different Richardson numbers.ction cooling of solar cells with nanofluid, Alexandria Eng. J. (2016), http://dx.
Figure 3 Comparison of dimensionless heat flux through the
cold wall for the present work versus Ref. [21].
Figure 4 Comparison of the average Nusselt number for the
present work versus Ref. [20].
Mixed convection cooling of solar cells with nanofluid 55. Validation of code
To ensure the accuracy of the available code, the numerical
results were compared with similar works. Consequently, a
more general case, in which the mixed convection is present
in an inclination channel subjected to heat flux in some por-
tions, was used for comparison purpose. A detailed description
of the research including geometrical features and boundary
conditions can be found in Ref. [21]. As shown in Fig. 3, for
the present study, the calculated data for the dimensionless
heat flux at different Reynolds numbers have a good agree-
ment with those obtained in Ref. [21].
In order to evaluate the code performance for nanofluid
heat transfer especially with nanofluid, a comparison was
made for the case of nanofluid flow in a horizontal channel.
Nanofluid properties, channel dimensions and boundary con-
ditions were selected in accordance with the data reported by
Ref. [20] in which the forced convection of nanofluid in a hor-
izontal channel was investigated. Fig. 4 shows the results of the
present Code against those calculated by Santra et al. [20]. In
this figure, the average Nusselt number variations on the
isothermal walls are plotted against the solid volume fraction
for different Reynolds numbers. As shown, there is a little dif-
ference between the present results and available data [20].
6. Results
Once the appropriate grid was generated and the numerical
model was verified, the effects of main parameters involved
including the Richardson number, the solid volume fraction,
the channel inclination angle and the solar cell spacing are
examined.
6.1. Effect of Richardson number
In the following section, the effects of Richardson number on
streamlines, isotherms and dimensionless temperature of nano-
fluid adjacent to the solar cells are studied. To illustrate this,
consider a particular case with specific values for the channel
inclination angle (k= 0), Reynolds number (Re= 100), solid
volume fraction (u= 0.04) and the distance between solar
cells (D= 1.6). The effects of the free convection in the flow
field as well as heat transfer rate were evaluated by changing
the Richardson number within the range of 0.01–20. Fig. 5Figure 2 The effect of grid independency on the average Nusselt
number (k= 30, Re= 100, u= 0.03 and D= 1.6).
Please cite this article in press as: M. Babajani et al., Numerical study on mixed conve
doi.org/10.1016/j.aej.2016.09.008shows streamlines and Fig. 6 shows isotherm for copper-
water nanofluid at different Richardson numbers.
According to Fig. 4, in the low and medium Richardson
number range (0.1 6 Ri 6 1), the flow path is parallel to the
channel walls. However, by further increase in Richardson
number, the free convection starts to appear in vicinity of solar
cells. Thus, a reverse flow region is formed in the center of
channel.
The flow path in the numbers of small and medium
Richardson (0.1 6 Ri 6 10) is parallel to the channel walls,
but with further increase in Richardson number, free convec-
tion of adjacent solar cells strengthen and thereby the reverse
in the center of channel is created. The reverse flow causes
buoyancy force strengthen near the left wall which leads to
an increase in velocity in the channel.
In Fig. 6, the development of isotherms inside the channel is
illustrated at different Richardson numbers. As can be seen,
the concentration of the isotherms near the solar cells and also
the curvature of them gradually increases from inlet to the out-
let which means the heat transfer from solar cells to nanofluid
has been increased.
By comparing the Streamlines for Richardson 1 and 10 (see
Fig. 5), it was observed that since the creation of vortices in
Ri= 10 has no interaction with the first solar cell, the quantity
of the isotherms near this cell has not considerably changed,
However, the values corresponding to the isotherms for other
cells have increased. As the Richardson number rises to 20, the
vortex development becomes more severe near the first cellction cooling of solar cells with nanofluid, Alexandria Eng. J. (2016), http://dx.
Figure 5 Streamlines for different Richardson numbers (k= 0, Re= 100, u= 0.04 and D= 1.6).
Figure 6 Isotherms for different Richardson numbers (k= 0, Re= 100, u= 0.04 and D= 1.6).
6 M. Babajani et al.and, as a result, the dimensionless temperature isotherms are
increased to some extent. Since the creation of vortices reduces
the cross flow, the nanofluid passed through the channel
exposed to more heat energy from the solar cells as compared
to low Richardson number flows. In addition, the thermalPlease cite this article in press as: M. Babajani et al., Numerical study on mixed conve
doi.org/10.1016/j.aej.2016.09.008boundary layer thickness decreases which leads to the temper-
ature gradient and heat transfer rate increment.
Fig. 7 shows dimensionless temperature at the Richardson
numbers of 0.01–20 on the wall that the solar cells were posi-
tioned on it.ction cooling of solar cells with nanofluid, Alexandria Eng. J. (2016), http://dx.
Figure 8 Inclination angle of channel versus average Nusselt
number (Re= 100, u= 0.04 and D= 1.6).
Figure 9 Dimensionless temperature profile of nanofluid for
different angles in section X= 13 (Re= 100, Ri= 10, u= 0.04
and D= 1.6).
Mixed convection cooling of solar cells with nanofluid 7In Fig. 7 for all Richardson numbers, dimensionless tem-
perature of the nanofluid has been significantly reduced once
the flow passed over the solar cells. There is a turning point
between each pair of solar cells which highlights the fact that
the nanofluid temperature local minimums have occurred
somewhere between solar cells. Considering the variation trend
of dimensionless temperature of turning points along the chan-
nel it was revealed the nanofluid temperature abruptly ascends
to the outlet temperature in four steps. For example, at
Richardson number of 20 and X= 7.4, the dimensionless tem-
perature of nanofluid is by=0 = 0.58, while at X= 10.5 and
X= 13.6 the dimensionless temperature reaches to
by=0 = 0.8 and by=0 = 0.89, respectively.
In addition, as seen in Fig. 7, as the Richardson number
increases, the wall temperature in the vicinity of the solar cells
is increased. For example, for Ri= 0.01, the dimensionless
wall temperature at the outlet equals to by=0 = 0.75, while
for Richardson number of 20 the wall temperature is
by=0 = 0.93.
In general, by increasing the Richardson number the effect
of free convection is dominant and the effectiveness of forced
convection is of minor importance. Therefore, by increasing
Richardson number, the temperature gradient exceeds and
the heat transfer is enhanced.
6.2. Effect of change in the angle of channel
The values of average Nusselt number for different channel
inclination angles, at different Richardson numbers, have been
shown in Fig. 8. It should be noted that the Reynolds number
(Re= 100), solid volume fraction (u= 0.04) and solar cells
spacing (D= 1.6) were considered as fixed parameters.
At Richardson numbers 0.01 and 0.1, the change in channel
orientation has no considerable impact on Nusselt number. By
increasing the Richardson number to higher values, the impact
of channel inclination angle on Nusselt number will increase.
These changes are more marked within the range of 60–90
degrees as compared to 0 to 60 degree interval. At low
Richardson numbers, due to the weak free convection and
the dominancy of forced convection, the angle of the channel
variations has a negligible impact on the average Nusselt.
In contrast, at High Richardson numbers, the free convec-
tion becomes the major heat transfer mechanism, and increase
in the angle reduces the average Nusselt which can be inferredFigure 7 Dimensionless wall temperature at y= 0 and Richard-
son numbers 0.01–20 (k= 0, Re= 100, u= 0.04 and D= 1.6).
Please cite this article in press as: M. Babajani et al., Numerical study on mixed conve
doi.org/10.1016/j.aej.2016.09.008from governing equations. According to the momentum equa-
tions, it can be seen when the Richardson number increases,
the buoyancy force term caused by gravitational field in the
flow direction gets larger, and on the other hand, the value
of cos(k) is maximum when k equals to zero degree and is grad-
ually reduced as the k value increases so that it is reduced and
the minimum occurs at 90 degrees (i.e. vertical channel). Con-
sequently, by increasing the angle and decreasing the buoyancy
force caused by gravitational field, it is expected to have smal-
ler average Nusselt numbers.
The dimensionless temperature profiles of nanofluid in a
section correspond to X= 13 for three different angles of
15, 60 and 75 degrees (Re= 100, Ri= 10, u= 0.04 and
D= 1.6) are shown in Fig. 9.
As shown in Fig. 9, with increasing Y the dimensionless
temperature of nanofluid is reduced along Y direction (channel
width). The temperature reduction of nanofluid in channel
width is due to the mitigation of thermal effects originated
from solar cells. Also, across the whole channel width, the
dimensionless temperature of nanofluid is higher for smaller
inclination angle values.
6.3. Effect of solid volume fraction
In this section, by changing the solid volume fraction in the
range of 0 to 0.04, the effect of solid particle concentrationction cooling of solar cells with nanofluid, Alexandria Eng. J. (2016), http://dx.
Figure 10 Isotherms in different Richardson numbers (Re= 100, Ri= 1, k= 0 and D= 0.12).
Figure 11 The average Nusselt number against solid volume
fraction in different Richardson numbers (Re= 100, k= 0 and
D= 0.12).
8 M. Babajani et al.on isotherms and the average Nusselt number are evaluated.
Noted that the parameters including Reynolds number
(Re= 100), Richardson number (Ri= 1), channel angle
(k= 0), and solar cell spacing (D= 0.12) are kept constant
during this part of simulations.
Fig. 10 illustrates the isotherms for different solid volume
fractions. In a comparison between the nanofluid and the pure
fluid (for pure fluid, u= 0), it was found that for the case of
pure fluid, the curvature of isotherms gets larger as the flow
proceeds toward the channel exit. Also, the isotherms do not
extend to the opposite wall. As the solid volume fraction
increases, the isotherms are deflected toward the opposite wall
more strongly and also the temperature gradient in the vicinity
of the cells increases. In addition, the dimensionless tempera-
ture of the pure fluid (u= 0) at the top of the third cell is
0.06 while for the case of nanofluid (u= 0.04), the dimension-
less temperature of nanofluid reaches to this value somewherePlease cite this article in press as: M. Babajani et al., Numerical study on mixed conve
doi.org/10.1016/j.aej.2016.09.008near the top of the first cell. In other words, by adding
nanoparticle, heat transfer across the channel width is
improved and the dimensionless temperature of nanofluid in
terms of isotherms increases at the channel exit. In conclusion,
the amount of heat removed from the solar cells can be
increased by adding nanoparticles to the working fluid.
Fig. 11 shows changes in average Nusselt number against
the solid volume fraction at different Richardson numbers.
In all Richardson numbers, by increasing the solid volume
fraction, the average Nusselt number shows an upward trend.
By adding nanoparticles to pure fluid, the thermal conductivity
as well as the thermal diffusivity increases. As a result, the tem-
perature gradient increases and more heat is transferred
through the fluid. When the Richardson number increases, free
convection as the main mechanism for heat transfer is
intensified.
6.4. Effect of distance between solar cells
The effect of solar cell location on thermal characteristics was
evaluated by changing the distance between the solar cells (D)
for a vertical channel (k= 0) with Re= 100, and u= 0.04,
and Richardson number of 10. The results were compared in
terms of isotherms, as shown in Fig. 12.
As shown in Fig. 12, by increasing the distance between the
solar cells from D= 0 to D= 1.6, the dimensionless temper-
ature of isotherms at the top of the second cell is varied from
0.25 to 0.41. At the channel outlet, the plots show an about
12% increment in temperature from 0.68 to 0.76. In the case
where the distance between the cells is relatively short, once
the fluid passed over the first cell, it immediately reaches to
the next cell, and thus, there is not enough time for efficient
heat exchange between the nanofluid and the thermal surface
of solar cells. Therefore, by decreasing the distance betweenction cooling of solar cells with nanofluid, Alexandria Eng. J. (2016), http://dx.
Figure 14 Effect of distance between the solar cells on the
average Nusselt number at Richardson 10 (Re= 100, k= 0 and
u= 0.04).
Figure 12 Effect of distance between the solar cells on the isotherms (Re = 100, Ri = 0.1, k= 0 and u= 0.04).
Mixed convection cooling of solar cells with nanofluid 9the solar cells, the transferred heat is reduced. By further
increase in the distance between the cells (from D= 0.12 to
D= 2.67), although the temperature of isotherms rises again,
the increase is not as great as the previous cases and the dimen-
sionless temperature at channel outlet increases just by 0.01
from 0.76 to 0.77. By increasing the distance between the cells,
the first cell is located close to the channel inlet and the temper-
ature is not increased as much as those with more compact
forms which may be due to the lack of momentum
development.
Fig. 13 shows the variations of average Nusselt number by
changing the distance between the solar cells at two different
Richardson numbers. By increasing the distance between the
solar cells, the average Nusselt number increases. This increase
is significant from 0 to 1.6 and then shows less slope for higher
‘‘D” values.
As shown in Fig. 14, for the Richardson number of 10, the
trend of changes in average Nusselt number with changes in
cells relative distance significantly differed from those corre-
sponding to low Ri values (see also Fig. 13). By increasingFigure 13 Effect of distance between the solar cells on the
average Nusselt number at Richardson 0.01 and 0.1 (Re= 100,
k= 0 and u= 0.04).
Please cite this article in press as: M. Babajani et al., Numerical study on mixed conve
doi.org/10.1016/j.aej.2016.09.008the distance between the solar cells, firstly, the average Nusselt
number increases to the maximum point (D= 0.8). Then, it
drops with further increase in distance between the cells.
In high Richardson numbers, the reverse flow is created
inside the channel which is formed approximately within the
range of X= 6 to X= 14. With increasing the distance
between the solar cells from 0 to 0.06, the heat transfer inter-
face between the onset of backflow and the solar cell surfaces
increases. As a result, the flow rate reduction and the heat
transfer interface area growth work as two main factors that
increase the Nusselt number. The larger the distance between
the solar cells, the farther away from the region of reverse flow
is the location of heat transfer interface areas which reduces
the heat transfer in some extent.
6.5. Thermal efficiency
In this part, simulation is carried out using ANSYS 14.5 tool
to obtain temperature distribution. Simulation is carried out
for different values of solid volume fraction as input. The tem-
perature plot for pure fluid is shown in Fig. 15.ction cooling of solar cells with nanofluid, Alexandria Eng. J. (2016), http://dx.
Figure 15 Temperature distribution on channel equipped with solar cells on one side of channel walls for the case of pure fluid.
10 M. Babajani et al.Thermal efficiency defines as a quantity that relates the
actual useful energy gain of solar cells to the useful energy gain
from each cell surface.
g¼ useful gain
available energy
¼ _mCpðTf0TfiÞ
ACULðTfiTHÞþACULðTfi2THÞþACULðTfi3THÞþACULðTfi4THÞ
where TH solar cell temperature, Tfi mean fluid inlet tempera-
ture, Tf0 mean fluid outlet temperature, Tfi2 mean fluid temper-
ature in second solar cell, Tfi2 mean fluid temperature in third
solar cell, Tfi2 mean fluid temperature in forth solar cell and UL
heat transfer coefficient.
In which _m is the flow rate throw each 1  w solar cell is
qVA ¼ qU0ð1 hÞ
g ¼ qU0hCpðTf0  TfiÞ
wUL ðTfi  THÞ þ ðTfi2  THÞ þ ðTfi3  THÞ þ ðTfi4  THÞ
 
Thermal efficiency for pure fluid equals to g= 0.2 while for
one such a fluid with solid volume fraction of u= 0.04 it
equals to g= 0.28. The presence of nanoparticles in the fluid
increases the rate of heat transfer in comparison with the basic
fluid (u= 0). Thus, improving the solar cells could lead to
have a good performance of the solar panel.
7. Conclusion
In this study, the mixed convection heat transfer of nanofluid
in a two-dimensional channel equipped with solar cells on one
side of channel walls, was investigated numerically. The main
results of the study can be summarized as follows:
– By increase in Richardson number, the direction of stream-
lines changes and backflow region is created inside the
channel. The larger the Richardson number, the higher isPlease cite this article in press as: M. Babajani et al., Numerical study on mixed conve
doi.org/10.1016/j.aej.2016.09.008the contribution of natural convection, and as a conse-
quence, the temperature gradient and heat transfer from
the solar cells are increased.
– In low Richardson numbers, the changes in channel inclina-
tion angle have no significant impact on the average Nusselt
and heat transfer rate. However, in high Richardson num-
bers, by increasing the angle of the channel, the average
Nusselt number decreases. Noted that, in this research,
solar cell temperature is assumed to be constant. As a result,
if the energy is equally radiated in all directions, the maxi-
mum heat transfer for the solar cells occurs at small angles.
– By increasing concentration of nanoparticles, thermal con-
ductivity of the fluid as well as the thermal diffusivity in the
channel width increases. Using the nanoparticles, the tem-
perature gradient is intensified near the solar cells and
increases the heat transfer rate. This can be used to prevent
overheating of solar cells and improve their efficiency and
lifetime of cells.
– In high Richardson numbers, there is an optimal arrange-
ment of solar to maximize the average Nusselt number. In
other words, by applying the optimal distance between
the solar cells, we are able to reduce the surface temperature
of solar cells.
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